A series of poly(ethylene terephthalate) terpolyesters containing varying amounts of both 1,4-cyclohexylenedimethylene and isosorbide units were prepared by melt phase polycondensation. These terpolymers were obtained with high molecular weights and polydispersities around 2.0-2.5. The nuclear magnetic resonance data revealed that they were all random terpolymers and that small amounts of isosorbide were lost during the polycondensation reaction. Thermal data showed that terpolymers with 90 mol% of ethylene units were crystalline, whereas the two other series containing 80 and 70 mol% were unable to crystallize from the melt. For the three series studied, it was observed that the glass transition temperature increased steadily with the content of isosorbide units, and that they had similar thermal stability.
Introduction
In the last two decades a great effort has been devoted to the modification of poly(ethylene terephthalate) (PET) by copolymerization with the aim of improving some of its properties. 1 As an example, PET is copolymerized with small amounts of isophthalic acid (2-4 mol%) in order to decrease its crystallizability and facilitate its processing for applications in the plastic bottle industry. 2 A second example is the commercial amorphous polyester named PETG, in which almost 30% of ethylene units of PET are replaced by 1,4-cyclohexylenedimethylene units, which allows tough and high-resistance materials to be obtained. 3, 4 In the first example, the glass transition temperature decreases whereas in the second it is almost unaffected. This is a drawback for some applications in which high temperatures of use are required, such as in the packaging of hot fillings. The use of rigid cyclic monomers such as 2,2,4,4-tetramethyl-1,3-cyclobutanediol 5 or the biobased cyclic diol 1,4:3,6-dianhydro-D-glucitol abbreviated as isosorbide, 6 has allowed high T g copolyesters that are suitable for such types of applications to be obtained.
The combined use of 1,4-cyclohexanedimethanol and isosorbide in the copolymerization of PET makes it possible to obtain materials with both toughness and tunable T g values, depending on the terpolyester composition. 7 Herein the synthesis of three series of terpolyesters, abbreviated PECIsT, derived from PET with 70, 80 and 90 mol% of ethylene units and variable amounts of the two cycloalkylene units, their spectroscopic characterization and the evaluation of their thermal properties.
Experimental

Materials
Terepthalic acid (PTA), ethylene glycol (EG) and a 90% aqueous solution of 1,4-cyclohexanedimethanol (CHDM, a mixture 30/70 cis/trans isomers), isosorbide (Roquette Frères S.A.), and germanium dioxide catalyst were all supplied by Artenius Prat (La Seda de Barcelona S.A.) and used as received. Solvents used for purification or characterization such as chloroform, dichloroacetic acid, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were all highpurity grade and used as received.
Synthesis of PECIsT terpolyesters
These terpolyesters were obtained by melt phase polycondensation process, using a batch pilot plant where both the esterification and polycondensation steps were carried out. 8 PTA and mixtures of the three glycols EG, CHDM and isosorbide were added in a 1/1.2 (acid/alcohol) molar ratio, where the 0.2 molar excess of diol was supplied in all cases with EG. Additionally 150 ppm of GeO 2 catalyst was incorporated in the reaction. The pressure of the reaction was set in 3 bars and the temperature gradually increased to 260 C for a period of 70 min with a mechanical stirring of 60 rpm. After that, the pressure was reduced gradually to 1 bar, and most of the water generated by the reaction and the one added with CHDM could be removed. Then the stirrer speed was lowered to 30 rpm and the reaction was connected to a vacuum pump, where the pressure was gradually reduced to 1 mbar and the temperature increased to 285 C, for a period of 50 min. The increase in the torque applied to the mechanical stirrer was used to follow the reaction progress, which was completed after 80 min. The vacuum was relieved with nitrogen, and the polymer melt was quenched in a bath of cool water. The samples used for characterization were taken after the first min of coming out, without any other treatment.
Characterization
Intrinsic viscosities of PECIsT terpolyesters were measured in dichloroacetic acid with an Ubbelohde viscosimeter thermostated at 25 + 0.1 C. Molecular weights were determined by gel permeation chromatography (GPC) using a Waters linear Styragel HR 5E (styrene-divinylbenzene) column. The mobile phase was HFIP containing 6.8 g L À1 of sodium trifluoroacetate. Average molecular weights and polydispersities were calculated after calibration of the equipment with poly(methyl methacrylate) standards using a Waters 410 RI detector. Absolute molecular weights were determined with a MiniDawnn (Wyatt) light scattering detector with dn/dc estimated using the Optilab DSP refractometer.
The 1 H-and 13 C-NMR spectra were recorded using a Bruker AMX-300 equipment operating at 300.1 and 75.5 MHz, respectively. Both 1% and 5% w/v sample concentrations in deuterated chloroform were used for 1 H-and 13 C-NMR, respectively. Sixty-four scans were acquired for 1 H and 5000-10 000 for 13 C with 32768 and 65536 data points, and relaxation delays of 1 and 2 s, respectively. Spectra were referenced to tetramethylsilane (TMS) used as internal reference.
Thermal behavior of terpolyesters was studied by differential scanning calorimetry (DSC) with a PerkinElmer Pyris1 instrument calibrated with indium and zinc. DSC data were acquired with 4-6 mg samples under nitrogen circulation. Heating and cooling rates of 10 C min À1 were used for the determination of melting and crystallization temperatures, and 20 C min À1 heating rate was used for the T g determination from samples quenched from the melt. Thermogravimetric analyses (TGA) were carried out in a PerkinElmer TGA-6 thermobalance at a heating rate of 10 C min À1 under a nitrogen atmosphere.
Results and discussion
Synthesis of PECIsT terpolyesters
The synthetic route followed for the preparation of these terpolyesters is shown in Scheme 1. The process used was very similar to which is employed in the industry for PET preparation. Basically two steps are involved. In the first one, esterification, the diols react with PTA under pressure at high temperature in order to help the progress of the reaction. At the end of this step a mixture of oligomers with an approximate number average polymerization degree of five is obtained. The water of the reaction is removed with the help of a distillation column and a condensation device.
In the second step, polycondensation of oligomers is favored by a temperature increase and the vacuum applied to the reactor. Transesterification of the hydroxyl and ester ending groups proceeds with the release of ethylene glycol or any other used glycol. The removal of the volatile byproducts leads to a continuous increase in the molecular weight of the polymer until the equilibrium of polycondensation and thermal chain cleavage is achieved. This point is indicated by a maximum in the torque value which is taken as the end of the reaction. Three series of terpolyesters were prepared with 70, 80 and 90 mol % of ethylene units (E) and variable amounts of 1,4-cyclohexylenedimethylene (C) and isosorbide (Is) units covering the whole range of compositions. The color of the polymers varied from white to light brown, as the content of the Is units increased in the polyester. All terpolyesters were obtained with high molecular weights, with intrinsic viscosities measured in the dichloroacetic acid ranging from 0.6 to 0.7 dL g À1 . The absolute weight average molecular weights determined by GPC oscillated between 26 000 and 32 000 g mol À1 and their polydispersities were about 2.2-2.5 ( Table 1) .
NMR of PECIsT terpolyesters
The chemical structure and composition of terpolyesters were determined by 1 H-NMR ( Figure 1 and Table 1 ). All the signals that appear in the spectrum were assigned to different protons of each repeating unit. Signal due to oxymethylenes of E and C units as well as the CH (e) from Is unit were used to calculate the composition of the terpolyester. As it can be observed, each signal due to cyclohexylenedimethylene units split into two peaks due to the presence of a mixture of two diastereoisomeric units (cis and trans) in the CHDM feed. The relative contents in these units was preserved in the final terpolyester (30/70 cis/ trans). Small peaks at 3.9 and 4.5 ppm were observed and these were assigned to methylenes of oxydiethylene units, which were produced by an etherification side reaction between two units of ethylene glycol. The content in these units were in the range 2.0-4.0 mol% for all of the terpolyesters synthesized. It was observed that the terpolyesters lost small amounts of isosorbide in the polycondensation step, most probably due to a lower reactivity of the secondary hydroxyl of Is in the endo position. 9 Figure 2 shows the 13 C-NMR spectrum of the same PE 70 C 15 Is 15 T terpolyester recorded in CDCl 3 . As in the 1 H-NMR spectrum, all signals could be unambiguously assigned with the help of 1 H-13 C two-dimensional hetero nuclear shift correlation spectra (hetcor). 7 As in the 1 H-NMR spectrum, each signal of 1,4-cyclohexylenedimethylene units split into two peaks due to the presence of the two cis and trans isomers in the terpolyester. The presence of oxydiethylene units could be detected as two small peaks appearing at 64 and 69 ppm.
Signals due to nonprotonated aromatic carbons split into several peaks depending on the terpolyester composition. This splitting is due to the sequence distribution of different units in the chain at the level of dyads (Figure 3) . The assignment of different peaks to the different dyads could be done with the help of homopolymers, copolymers and terpolymers with different compositions, which were prepared for this purpose. The Lorentzian deconvolution of these peaks allowed the contents of different dyads to be quantified, and by using the following expressions, 10 the number average sequence length and the degree of randomness could be estimated ( Table 2 ). It was observed that for the terpolyesters studied, the degree of randomness was close to unity, which confirmed that the terpolyesters have their different repeating units randomly distributed.
Thermal properties of PECIsT terpolyesters
Thermal data evaluated by DSC and TGA of the PECIsT terpolyesters for the three series are shown in Table 3 . As can be seen, the crystallinity was reduced when the content of ethylene units was decreased. All terpolyesters and copolyesters of the PE 90 (CIs) 10 T series showed cold crystallizations and melting peaks, although both their melting enthalpies and temperatures were inferior to those observed for PET (45.2 J g À1 and 258 C). 11 As an illustrative example, DSC endotherms registered from PE 90 C 5 Is 5 T are presented in Figure 4 . It can be observed that the original sample is amorphous and crystallize upon heating (cold crystallization) at around 150 C. The terpolymer is not able to crystallize from the melt, but in the second heating a new cold crystallization and melting peak can be observed. Conversely, the two other series with 80 and 70 mol% of ethylene units remained amorphous after heating.
What it is clearly observed for the three series is that the value T g of the terpolyesters increased with the content in isosorbide almost linearly ( Figure 5 ), whereas the substitution of ethylene by cyclohexylenedimethylene units had almost no effect on the value. For the PE 70 (CIs) 30 T series the total replacement of cyclohexylenedimethylene by isosorbide units produced an increase in its T g value of more than 20 C, becoming well above 100 C.
The thermal stability of these terpolyesters was evaluated by TGA under a nitrogen atmosphere. It was observed that the stability was not much affected by the incorporation of both cyclohexylenedimethylene and isosorbide units. In fact the onset, which was the temperature at which 10% of sample was lost, varied by only 5 C for all series. For each series the remaining weight increased with the replacement of C by Is units. As an illustrative example, the TGA trace of PE 80 C 10 Is 10 is presented in Figure 6 .
Conclusions
Three series of terpolyesters derived from poly(ethylene terephthalate) with 90, 80 and 70 mol% of ethylene units and variable amounts of cychlohexylenedimethylene and isosorbide units were successfully prepared by melt polycondensation. The terpolyesters obtained were of high molecular weight and had a random microstructure as revealed by NMR. Thermal properties evaluated by DSC revealed that polymers with 80 and 70 mol% of ethylene units were amorphous whereas those with 90 mol% were semicrystalline. The glass transition temperature increased gradually with the amount of isosorbide in the terpolymer. The thermal stability was not affected significantly by the insertion of the two cyclic comonomers in the PET units. 
